During mammalian brain development, the billions of postmitotic neurons that are generated in the marginal zone undertake choreographed migration through changing environments to reach their destination, before forming exquisite cell patterns and a highly ordered six-layered neocortex. The layers of cortical neurons are formed in an inside-to-outside order so that each newly generated wave of neurons must migrate past the previously formed neurons. 1 Although the mechanisms by which targeted neuronal migration and pattern formation are regulated remain largely unknown, the analysis of mutations that disrupt normal neuronal migration and corticogenesis provides tremendous opportunities to identify molecules involved in these processes.
Defects in neuronal migration and neocortex organization are implicated in a large heterogenous group of human genetic disorders which are increasingly implicated as a major cause of epilepsy and cognitive impairment. As much as 25% of recurrent childhood seizures result from cortical dysgenesis revealed mainly by magnetic resonance imaging (MRI).
2 Among these cortical dysgenesis conditions, X-linked lissencephaly (LIS) and subcortical laminar heterotopia (SCLH) syndrome (XSCLH/LIS) have puzzled neurobiologists and geneticists for many years. In pedigrees affected with this intriguing disorder hemizygous males display lissencephaly (called also agyria-pachygyria or 'smooth brain') with severe mental retardation and epilepsy, and affected heterozygous females display subcortical laminar heterotopia (or band heterotopia, also referred to as 'double cortex (DC)' with milder mental retardation and epilepsy. 3, 4 Lissencephaly ( Figure 1a ) denotes an absence of gyri (agyria) or a reduced number of broadened gyri (pachygyria) and an abnormally thick cortex overlaying a thin periventricular rim of white matter. The brains of affected females with SCLH ( Figure 1b matter located between the normal cortex and ventricle but well separated from both by a thin band of white matter. This subcortical band of gray matter corresponds to a population of neurons that migrated halfway to the cortex, arresting in the subcortical white matter. 5 Although a defect in neuronal migration is believed to be responsible for X-SCLH/LIS syndrome, the primary cause and physiopathological mechanisms underlying the migrational arrest of virtually all cortical neurons in males and a significant population of neurons in heterozygous females remain unknown. The latest breakthrough was recently reported by our group 6 and Dr Walsh's group 7 who identified a novel CNS gene encoding a 40-kDa predicted protein which we named doublecortin.
Previous linkage analysis studies conducted by the same groups 8, 9 provided strong evidence that a single gene for X-SCLH/LIS syndrome maps to Xq22. More recently, des Portes et al 6 and Gleeson et al, 7 reported the positional cloning and preliminary characterization of the doublecortin gene, which is highly expressed in fetal brain. Independent mutations in the doublecortin gene were identified in several pedigrees with X-SCLH/LIS as well as in sporadic female cases with SCLH. A recent study carried out by our group suggests that doublecortin is the major gene for SCLH, as mutations were detected in 10 out of 11 sporadic female cases exhibiting this disorder (submitted manuscript). Although identified mutations, including nonsense and frameshift mutations, suggest that X-SCLH/LIS results from a loss of function of the doublecortin gene, it is relevant to point out that all families with cases of lissencephaly exhibit only missense mutations. This finding raises the issue of the consequences resulting from null mutations and whether such mutations are lethal in hemizygous males. The milder phenotypes observed in affected females, even when resulting from missense mutations, may be explained by the mosaic state caused by random inactivation of either the mutant or normal X chromosome.
Expression of the doublecortin gene during brain development, assessed by Northern blot, in situ hybridization and RT-PCR, 6 suggests that the mRNA is present at a very high level in fetal brain, predominantly in neuronal cells including ventricular zone precursors and migrating neurons. This high and diffuse expression of the doublecortin gene supports the requirement of doublecortin in the initial steps of neuronal dispersion and in the remarkable organization of normal six-layered cortex. Although doublecortin does not contain a kinase domain and its precise function is unknown, the presence of potential phosphorylation sites and significant homology with the N-terminal segment of a predicted kinase protein (GenBank accession number AB002367) suggest a likely role for doublecortin in a signal transduction pathway that is crucial during the early stages of neuronal migration.
Based on these latest findings, it is tempting to propose an updated view of genes involved in cortical dysgenesis disorders and a model of their action on migration and assembly of neurons in the developing cerebral cortex.
Lissencephaly results in migrational arrest of virtually all cortical neurons short of their destination and seems to reflect a failure of early events associated with neuron dispersion. Disruption of neuronal migration occurs before rather than after entry of the migrating neuron into the developing cortical subplate. In addition to doublecortin which is expressed at a very high level in fetal neurons, including precursors, a second gene, LIS1, 10 that causes lissencephaly (the Miller-Dieker form) when mutated was identified on chromosome 17p13. It encodes the 45-kDa noncatalytic regulatory subunit of the brain isoform of platelet-activating factor acetylhydrolase (PAF-AH).
11 LIS1 as well as the two additional subunits of PAF-AH are expressed in brain regions undergoing active proliferation, differentiation and migration. A recent study 12 demonstrated the presence of an interaction between microtubules and LIS1 which suggests the involvement of LIS1 in cytoskeletal rearrangement processes. However, the precise role of LIS1, PAF and Ca 2+ fluxes, known to be influenced by PAF levels, in the signaling pathway implicated in the early stage of the neuronal ability to initiate and continue migration remain unknown. Given the findings that the doublecortin and LIS1 genes are expressed early during development and that loss of function of either one leads to the same severe cortical malformation, it will be interesting to determine whether both are involved in a common signaling pathway. In contrast to the lissencephaly defect, the mouse reeler mutation is characterized by an inversion of the final positions of sequentially generated cells of cerebellar and cerebral cortices leading to a selective architectonic defect and a violation of the inside-tooutside order of the cell patterns. The gene that is mutated in reeler mice was cloned in 1995 13 and shown to encode an extracellular-matrix glycoprotein, named reelin, that is secreted by Cajal-Retzius cells in the marginal zone of the cerebral cortex. Reelin appears to act at a distance in a juxtacrine fashion on target cells, as most neurons forming the disorganized sixlayered cortex do not express the reelin transcript and protein.
The allelic mutations scrambler and yotari, exhibit a phenotype identical to reeler, which result from a loss of function of the mouse disabled homologue 1 (mdab1) gene.
14 mdab1 transcript and protein are expressed in neurons of the cortical plate and in cerebellar Purkinje cells, two main targets of the reeler mutation. mdab1 protein is a cytoplasmic protein that is expressed and tyrosine-phosphorylated during neuronal development. It is likely to function as an adaptor molecule in a tyrosine kinase signaling cascade required for the regulation of neuronal migration.
The involvement of kinases in neuronal migration is supported by the targeted disruption of the cyclindependent kinase-5 (cdk5), and p35 genes. 15, 16 cdk5 is a serine/threonine kinase most highly expressed in postmitotic neurons, and p35 is a neuronal-specific activator of cdk5. Disruption of these two genes results in defective layer formation in the cerebral cortex that resemble reeler and scrambler mutations.
Although some aspects of these mutations differ significantly from reeler and scrambler, it is possible that the cdk5/p35 protein kinase complex participates in a common signaling pathway with Reelin and mDab1 in some neuronal populations. As the cortical dysgenesis in all these reeler-like mutations is mainly an inversion of the order of the six layers of the cortex, it is reasonable to suggest that proteins involved in this common pathway act at a late stage during the migration and formation of neuronal layers and are required for the final positioning of neurons.
There is abundant evidence that several classes of molecules, including adhesion molecules, ion channels/receptors, extracellular-matrix glycoproteins, serine/threonine kinases and intracellular cytoskeletal proteins, may all be involved in the complex multifaceted processes necessary for the initiation of migration, pathfinding, locomotion itself, and finally, the state change from migrating to differentiating neuron. Now that several genes indispensable to at least some facets of this complex choreography are in hand, in vitro and in vivo explorations of the role of these genes in cortical histogenesis can be undertaken to understand how the activities of these proteins regulate signaling pathways that coordinate the intriguing neuronal migration and cortical histogenesis.
The news of the cloning of the doublecortin gene should provide insight into fundamental aspects concerning early steps of neuronal dispersion and cortex lamination. But, as ever, much work remains to be done as such a breakthrough raises more questions than it resolves.
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